The dynamics associated with drought in the Sahel have attracted considerable attention in the recent literature. This paper evaluates Sahel precipitation using the paradigm of the atmospheric centers of action, that is, the extended semipermanent highs and lows that dominate regional circulations and are evident in sea level pressure patterns. We find that Sahel precipitation is significantly influenced by changes in the Azores High and the South Asia Low. Specifically, about 50 percent of the variance of July to September rainfall over the Sahel is explained by changes in the Azores High Longitude position and South Asia Low pressure. In contrast, the contribution of the Southern Oscillation to Sahel precipitation is smaller in comparison. Results presented in this paper suggest that a key test for a climate model in simulating variability of Sahel rainfall is the accuracy with which the model simulates the dynamics of South Asia Low and the Azores High.
Introduction
Since the 1950s, the semiarid African Sahel zone has undergone a persistent drought, although there is some amelioration observed since the 1980s. Several theories on the cause of this phenomenon have been discussed, with a final conclusion and a quantification of human versus natural causes still to be reached. The Sahel drought does not only have devastating consequences for the Sahel region itself [1] , but it also influences regions far away because of the increased output of soil-derived aerosol particles into the atmosphere [2, 3] .
Soon after the drought in Sahel became known as a major climatic phenomenon, Angell and Korshover [4] analyzed the trends in the atmospheric centers of action and suggested that "the southward or southeastward movement of the Azores High after 1945 is related to the recent drought just south of the Sahara (Sahelian Zone)." Later other more local processes were put forth as influencing Sahel rainfall such as changes in albedo due to land use change [5] , the amount of moisture in the soil [6] , and the surface roughness [7] . These can be influenced by overgrazing or deforestation, which led to the hypothesis that human activity contributes to the continuing drought by impacting the land surface processes, and which in turn affect atmospheric circulation.
More recently, several global climate models have been used to study Sahel precipitation by using the paradigm that the Sahel rainfall responds to sea surface temperature changes in certain ocean basins [8, 9] . Some models have been used to make projections for Sahel precipitation in the future under global warming scenarios. It turns out that different global models can give reasonable simulations of the variations of Sahel precipitation in the 20th century but yield differing projections for the 21st century. Cook and Vizy [9] examined some of the processes related to Sahel precipitation in IPCC's AR4 global climate models (GCMs). They screened eighteen AR4 coupled GCMs using the climatology of Sahel precipitation and its response to sea surface temperature (SST) anomalies in the Gulf of Guinea. Three of the GCMs were found satisfactory in terms of these criteria but they generated contradictory projections for Sahel precipitation in the 21st century. Tippett [10] investigated seven coupled GCM simulations of Sahel precipitation and traced their difficulty in reproducing the interannual variability to poor representation of physical processes (especially convection) and neglect feedback of the atmosphere to the ocean.
Advances in Meteorology
Considering the challenges that GCMs face in capturing the variability of Sahel precipitation, in this study we elucidate the governing mechanisms with a different approach. The rationale for this is as follows. In terms of basic meteorological processes, precipitation occurs over the Sahel when the lower atmosphere is unstable and clouds are present over the region. A satisfactory mechanism for explaining variations in Sahel precipitation must include variations in atmospheric stability and cloud cover over the Sahel. A direct indication of changes in stability and cloud cover is given by changes in the distribution of pressure in the lower atmosphere. In an early paper Angell and Korshover [4] made the observation that the displacement of the Azores High pressure system affects Sahel rainfall, and its southeastward shift may be responsible for the drought. Using the more complete gridded surface level pressure (SLP) data now available from NCEP/NCAR reanalysis we examine for this study changes in atmospheric pressure in the region around the Sahel. We use the "Centers of Action" approach first introduced by Rossby et al. [11] . Figure 1 shows the distribution of July-August-September SLP averaged for 1975-2005 for the region around the Sahel. We see the dominating presence of two atmospheric centers of action: the Azores High to the west, characterized by SLP > 1020 hPa in its center over the north Atlantic, and the South Asia Low to the east, in which SLP ≈ 1000 hPa extends from eastern Saudi Arabia to north India. It is interesting to note that the outer contour of the South Asia Low extends into the Sahel region. We therefore focus on the variations of these pressure centers and their influence on precipitation over Sahel.
For this study we calculate objective indices of the monthly averaged pressures and locations of these centers as described in Section 2. Section 3 shows that the longitudinal movement of the Azores High and the intensity of the South Asia Low are significantly correlated with Sahel rainfall. With a composite analysis we investigate the underlying physical mechanisms for these relationships. Section 4 concludes our findings.
The Atmospheric Centers of Action
Rossby et al. [11] constructed atmospheric pressure charts for the northern hemisphere and upon averaging daily pressure values identified several large-scale structures they called the "semi-permanent centers of action." These included the Icelandic and Aleutian Lows, the Azores High, the Hawaiian High, and the Siberia High. They investigated the impact of the longitudinal displacement of the Aleutian Low on the circulation in the North Pacific, thus introducing the concept that the movements of the atmospheric pressure centers can be used as indicators of regional circulation changes. This concept has been successfully applied to explain the variability in many geophysical systems [2, 3, 12] and will also prove useful in the present investigation, where we will see that the longitudinal displacements of the Azores High pressure center significantly impact circulation over North Africa, and therefore, precipitation amounts over the Sahel region.
In order to quantify the changes in the centers of action, objective indices for the pressure, latitude, and longitude locations for the centers can be calculated using gridded SLP data as described by Hameed et al. [13] . By examining the monthly SLP maps of the past one hundred years, the latitude-longitude domains over which each of the pressure centers occurs were identified. The pressure index is then defined as an area-weighted pressure departure from a threshold value over the domain (I, J):
where P i j is the SLP value at grid point (i, j), P t is the threshold SLP value (P t = 1014 hPa for Azores High and 1013 hpa for South Asia Low), and φ i j is the latitude of grid point (i, j). M = 0 for the Azores High and 1 for the South Asia Low.
The pressure index is thus a measure of the anomaly of atmospheric mass over the study sector (I, J). The latitudinal index is defined as
and the longitudinal index I λ is defined in an analogous manner. The location indices thus give pressure-weighted mean latitudinal and longitudinal positions of the centers. Monthly indices of the pressure, latitude, and longitude for these centers were calculated according to (1) and (2) . The area domains used in this calculation are (10
• E) for the South Asia Low and (20
• E) for the Azores High. Although gridded monthly SLP data for the northern hemisphere from 1899 is available from NCAR [14] , there are many data gaps over the South Asia region before 1950, and the indices for the South Asia Low could not be calculated for the first half of the 20th century. For this reason, indices used in this paper were calculated using monthly SLP data from National Centers for Environmental Prediction [15] which begin in 1948 and have a higher spatial resolution (2.5
• ×2.5
• ) versus the (4
• ×5
• ) for the NCAR data set.
For Sahel precipitation data we use the monthly mean rain gauge data set by Hulme et al. [16, 17] . This data set ("gu23wld0098.dat" (Version 1.0)) provides monthly global precipitation data over land gridded to a resolution of 2.5 degree latitude by 3.75 degree longitude for 1900-1998. Following previous studies [18, 19] , we define Sahel as the region from 10
• N-20 
Results

Statistical Relationships of the COA and Sahel Precipitation.
Interannual variations of precipitation over the Sahel during the rainy season July-August-September (JAS) are considered in this paper. As discussed above, the two atmospheric centers of action in the proximity of the Sahel region, and likely to influence the circulation over it, are the Azores High and the South Asia Low. Each center of action is characterized by fluctuations in its pressure, latitude position, and longitude position. We have therefore calculated correlations between the JAS averaged indices characterizing pressure, latitude, and longitude of each center of action with Sahel precipitation. The results are shown in Table 1 . The correlations of Sahel precipitation and the SAL pressure (−0.68) and the AZH longitude (−0.41) are statistically significant at the 5 percent level. Because the South Asia Low and Sahel precipitation are highly autocorrelated, the effective sample sizes for their correlations are diminished, as shown in Table 1 . For this reason the correlation with SAL latitude (0.44) is not statistically significant. The effective sample sizes were calculated using the procedure described in [20] . The correlations suggest that a deeper SAL, and a westward shift of the AZH, correspond to increased precipitation. Both of the correlations have clear physical significance. The SAL in late summer extends up to the Sahel region (Figure 1 ), therefore a year in which this system is deeper will contribute to a lower pressure over the Sahel which will contribute to increased rainfall. Similarly, when the AZH drifts to the west, away from Africa, lower pressure occurs in the lower atmosphere over the Sahel, which leads to enhanced precipitation.
Regression Analysis.
From Table 1 we see that three atmospheric variables are significantly correlated with Sahel precipitation and could possibly be used as independent variables in a regression equation, SAL pressure, AZH longitude, and the Southern Oscillation Index (SOI). In order to check their independence from each other we calculated their mutual correlations, shown in Table 2 .
The correlation between SAL pressure and SOI is statistically significant at the 5% level, and therefore they cannot be used in the same regression equation 
For this regression r = 0.51, and the standard error of estimate is 17.4. Equation (4) explains 26 percent of the precipitation variance while (3) explains 52 percent. The partial correlation coefficients for AZH longitude and the SOI are −0.38 and 0.36, respectively.
Relative Significance of ENSO and the South Asia Low.
Several studies have documented a relationship between ENSO and Sahel Precipitation [8, 18, 19] . Moreover, relationships between ENSO and atmospheric and ocean circulation in the South Asia region have been documented in several studies [21, chapter 12] . A question then arises as to the relevant significance of ENSO and South Asia Low to Sahel precipitation. Comparison of (3) and (4) shows that ENSO's impact on Sahel precipitation is overshadowed by that of the South Asia Low. This inference is supported also by the partial correlation analysis shown in Table 3 . The partial correlation between Sahel precipitation and SAL pressure is −0.66 when adjusted by SOI. However, the partial correlation between Sahel precipitation and SOI is only 0.09 when adjusted for SAL pressure. Figure 2 . This statistical hindcast model correctly simulates the decline in precipitation up to the mid 1980s and its subsequent rise. The Sahel precipitation in Figure 2 displays considerable interannual variability superimposed on the long-term trend. To separate the lower frequency trend from the shortterm variability we calculate 5-year moving averages of the Sahel precipitation and compare it with the 5-year moving averages of the AZH longitude and the SAL pressure in Figure 3(a) . The correlations of the smoothed time series are (Sahel, SAL: r = −0.86), and (Sahel, AZH: r = −0.71), both being marginally significant at 5% after taking autocorrelation into account. In Figure 3 (a) we see that the AZH shifted persistently eastward in the earlier part of the record with a parallel decrease in Sahel precipitation. The AZH switched direction and has been migrating westward since about 1981, and the Sahel precipitation has increased since about 1985. The trend in the SAL was decreasing pressure until about 1960 followed by increasing pressure, which paralleled the increasing drought in the Sahel. The increasing trend in SAL pressure terminated in the 1980s, and it has registered a small decrease in pressure since then, paralleling the recovery in Sahel precipitation. It thus appears that during the period from 1960 to 1985, when the Sahel experienced a worsening drought, the long-term trends in both SAL pressure and AZH longitude were supporting dry conditions in this region. The drought has partially ameliorated since the mid 1980s because both the AZH longitude and SAL pressure have changed trends since that time. Another interesting feature in Figure 3(a) is the lag of about 3 years between the trends in AZH and precipitation. The correlation between the two series at zero lag is −0.71, and it is −0.80 with a lag of 3 years. There are other significant correlations at several lags between the COA and Sahel precipitation. This opens avenues for predicting the Sahel precipitation using the COA indices as a basis, a topic we will explore in a separate paper.
Long-Term Trend and Interannual Variability of Sahel Precipitation. Precipitation values obtained from (3) are compared with observations in
To investigate the interannual variability, we define the anomaly x of the variable x for year j as x j = x j − x j , where x j is the value of x in year j, and x j is the 5-year moving average of x for year j. The correlation between Sahel precipitation anomalies and the SAL pressure anomalies is −0.54 (time series shown in Figure 3(b) ), and the correlation between precipitation anomalies and AZH longitude is −0.22. The latter is not significant at the 5% level. We conclude that SAL pressure significantly impacts both the trend and interannual variations of Sahel precipitation, whereas AZH longitude only impacts the longterm trend.
Composite Analysis.
From the analysis above we infer that westward migration of the Azores High and decrease in the pressure of the South Asia Low correspond to increases in Sahel precipitation, and vice versa. To shed light on possible underlying physical mechanisms of the existing correlations, we constructed composite maps of meteorological variables using the NCEP reanalysis data. We averaged over the 10 years when the AZH longitude was most westward and most eastward and examined the difference of these averages, which corresponds to enhanced precipitation over the Sahel. We also performed an analogous analysis for SAL pressure. The years when the JAS average of AZH was most westward are 1999, 1956, 1950, 1960, 1994, 1964, 1967, 1952, 1951, and 2001 . The JAS average of AZH was most eastward in 1995, 1987, 1948, 1971, 1990, 1979, 1969, 1997, 1978, and 1981 . The years of lowest JAS SAL pressure are 1961, 1958, 1959, 1962, 1954, 1960, 1964, 1963, 1955, and 1956 . The years of highest JAS SAL pressure are 2004, 1980, 1982, 1993, 1992, 1987, 1979, 2002, 1986 , and 1997. Figure 4 (a) shows the difference in SLP over North Africa and regions to the north and west for the AZH composites. While it is to be expected that westward shifts in this high-pressure system result in low pressure anomalies over north Africa and western Europe, a surprising feature in Figure 4 (a) is the localized low pressure anomaly of the order of 2 to 3 hPa situated over the Sahel region. This pressure distribution results in a convergence zone over the Sahel, as indicated by diagnoses of vertical velocity, specific humidity, and vector winds at 850 hPa shown in Figure 4 (b the AZH allow moisture transport from the Atlantic into the Sahel. The composite difference for specific humidity supports this finding with a maximum that peaks over the Sahel region, and the convergence results in a pronounced maximum in upward vertical velocities over the Sahel. Ward [22] observed that atmospheric pressure in the subtropical Atlantic is related to Sahel rainfall variation. A key distinction in our results is that it is the longitudinal displacements of the Azores High, and not its pressure fluctuations, that are related to Sahel precipitation.
Influence of the Azores High.
The Azores High is located to the west of North Africa and this configuration is similar to that of the Indian Ocean High with respect to western Australia. It has been shown that east-west shifts in the position of the Indian Ocean High significantly influence rainfall in southwestern Australia where a multidecadal drought is in progress [12] . Thus, there are similarities between the relationships between the longitudinal displacements of the two subtropical highs and drought in the continents to their east. Figure 5(a) shows the composite difference in SLP over North Africa and the adjacent regions between the years when the SAL has the lowest pressure and the years with the highest pressure. A low-pressure anomaly over the Sahel and the Sahara is noticeable. The observed anomaly pattern ( Figure 5(a) ) illustrates the far reaching influence of changes in the SAL on summer climate with SLP anomalies of 1 hPa or more up to the eastern Atlantic, and anomalies of the order of 3 hPa over large areas of Africa and the Middle East. Again, diagnoses of the vertical wind and specific humidity corroborate the formation of an anomalous convergence zone over the Sahel/Sahara region as shown in Figure 5(b) .
Influence of the South Asia Low.
Using a 3-dimensional hydrostatic primitive equation model, Rodwell and Hoskins [23] have investigated the relationship between the south Asia monsoon and the circulation over the Sahara. Their model suggests that diabatic heating during the monsoon induces a westward propagating Rossby wave, which results in adiabatic descent over the eastern Sahara and the Mediterranean.
Note that this does not imply that the strength of South Asia monsoon is related to the Azores High pressure system, which encompasses large sections over the Atlantic besides the Mediterranean and North Africa. As mentioned before, the South Asia Low pressure and the Azores High longitude position, as calculated by (1) and (2), are not correlated with each other. However, in Figure 5 (a) for the SLP composite differences between the summers in which the South Asia Low was the deepest and the summers in which it was the shallowest, we see the anomalous pressures rising north of the Sahel zone to the Mediterranean, which indicates greater descent in this region when the South Asia Low is deeper. This observation is consistent with the model results presented in [23] . Figures 6(a) and 6(b) show the composite difference of vertical velocity for a longitudinal cross-section averaged over the Sahel latitudes (10 • N-20
• N). For the case of deeper SAL we see rising motion from 10
• W to 50
• E in the lower troposphere. In the analogous composite difference for the Sahara region (20 • N-35
• N) we find a strong descent over most of the troposphere.
This suggests the following scenario: a stronger South Asia Low related to a stronger monsoon induces descending air over the Sahara and the Mediterranean, resulting in an anomalous southward flow over North Africa and convergence over the Sahel.
Conclusions
This paper has presented evidence that July-AugustSeptember precipitation in the Sahel is related to the east-west displacements of the Azores High and to the pressure fluctuations of the South Asia Low. A regression equation was developed that could explain 50 percent of the variance of the Sahel precipitation over 1948-1998. This result supports the basic meteorological picture that precipitation occurs when clouds are present and the local atmosphere is unstable. The results presented suggest these atmospheric conditions are strongly influenced over the Sahel by changes in the Azores High position and the South Asia Low pressure. The SOI is also related to the interannual variability of Sahel precipitation but its contribution is less significant than that of the SAL pressure.
The results suggest that a GCM can give a physically correct simulation of Sahel rainfall trends and interannual variability if it can adequately represent the dynamics of the AZH and the SAL pressure centers in terms of both their pressures and locations. Since the AZH is located over the ocean it is likely that interaction between the atmosphere and the ocean plays an important role in its variation. The SAL is primarily a land-based phenomenon, and interaction with the ocean is likely to be less important to its simulation than for the AZH.
